This paper presents a novel design of actuated elastomers using rigid, vertical standing electrodes. The electrodes of high rigidity are designed to have small width, small gaps and large depth in order to produce large electrostatic forces at a moderate voltage, as well as to reduce the constraining effect on the soft elastomers. This novel design embodies lateral stacking to accumulate small strain into an adequate displacement for micro-actuation. Analytical and numerical analyses are performed to evaluate the force-displacement characteristics of the elastomer actuators. It is shown that actuation of the novel design is not limited by the electrostatic pull-in instability, and it is capable of travelling a large range at a high electric field. In addition, feasibility of fabrication processes is studied. It is shown that lateral stacking can readily be realized by filling liquid elastomers into deep, narrow and vertical trenches. A theoretical benchmark comparison with a conventional air-gap electrostatic comb drive indicates that the new elastomer actuator promises great flexibility, large attraction force and robustness against shock and dust blockage.
Introduction
Electrostatically squeezed elastomers have recently been used to produce large strain for robotic applications [1] . A basic elastomer actuator is an elastomeric capacitor-two layers of soft electrodes sandwiching a soft dielectric elastomer, which need not be electrostrictive. When charged, the soft electrodes attract each other, simultaneously squeezing and stretching the soft dielectric layer. A typical layer of the dielectric elastomer is 25-50 µm thick. It requires a very high driving voltage in the order of several kilovolts to produce adequate Maxwell stress, as well as to produce the large strain. However, it consumes no current at the static operation. The dielectric elastomer actuators can produce strain and stress in a range comparable to natural muscle [1] .
Macroscopic size elastomer actuators have been successfully used for large-strain actuation. This inspires efforts to scale them down. The main motivation for their miniaturization is to generate a high electric field at a moderate driving voltage across a small gap. Multi-layer stacking of thin films has been demonstrated for this purpose [2] . However, constituent materials of the soft electrodes limit further miniaturization. The materials used for making soft electrodes contain rigid conductive particles and volatile binders, for example carbon grease or silver-loaded gels [1, 2] . The conductive particles of several microns in size limit the soft electrode from being made thinner than the particle size. In addition the volatile binders degrade over time, causing the conductive particles to loosen or the soft electrodes to delaminate. Furthermore, these materials are not compatible with IC fabrication processes. Some work has been done to construct stiffer electrodes using compatible materials. For example, Benslimane et al [3] used a silver layer of 0.11 µm on a silicone elastomer of 50 µm and Pimpin et al [4] used slit electrodes of gold to reduce the constraining effect of the stiffer electrodes. In principle, the miniaturization of the electrostatically squeezed elastomers may be expected to result in a similar performance to air-gap electrostatic actuators or multi-layer actuators. However, the physical properties of the soft elastomers do not allow them to be miniaturized into those conventional designs if they are to work efficiently. The soft elastomers are incompressible. They have higher dielectric constants, capable of generating higher electrostatic forces than air-gap electrostatic actuators at the same driving electric field. But, they are softer and cannot be patterned as tall structures on their own. For example, a silicone rubber has a dielectric constant of 2.6 and Young's modulus of 1 MPa; and polyurethane elastomer has a dielectric constant of 7.0 and Young's modulus of 17 MPa [5] . Miniaturization of multilayer stacked designs is possible, but this is time consuming to deposit layer by layer ( figure 1(A) ). Also, it is difficult to make reliable interconnects across the very thin layers. If no stacking is used, a single thin layer itself is too weak to do useful work. These difficulties with existing designs motivate the search for a new elastomeric actuator design, which exploits the specific physical properties of the soft elastomer and suits the miniaturization using the IC fabrication process.
Actuator design
We propose a novel design using vertical standing electrodes for actuating elastomer fillings ( figure 1(B) ). The vertical standing electrodes (figure 1(C)) are designed to have small width (w), large height (b), small thickness (t), and be placed at small gap intervals (h). A typical design of the vertical standing electrodes is 6-9 µm long, 25 µm tall and 3 µm wide, with gaps of 2-3 µm. The vertical standing electrodes are wired up through 1-2 µm thick comb-like compliant interconnects. The gaps between the standing electrodes are filled up with soft elastomers. The vertical standing electrodes are charged using alternating voltage polarity so that two neighbouring electrodes are squeezing the intermediate filling, which will change in thickness and will bulge over the electrode edges. The new design uses short and discrete pieces of rigid electrodes to reduce the constraining effect on the elastomer during actuation. This makes the present design different from the existing elastomeric actuators with layers of soft electrodes ( figure 1(A) ).
The new actuator is basically a lateral stack of many elastomer-filled capacitors with vertical electrodes standing side by side. The stack can be designed with various electrode layouts, promising possibilities of both in-plane and out-ofplane motion generation. The new design benefits a lot from the state of the art of deep reactive ion etching (DRIE) of silicon, which enables the fabrication of very high aspect ratio electrodes. For example, many sets of the vertical standing electrodes can be made in one step of deep silicon etching before the interfacing gaps are filled up with liquid elastomers and are subsequently released from a remaining substrate. Hence, the fabrication of the lateral stack requires fewer fabrication steps than that of a multi-layer stack. In addition, gaps between the vertical standing electrodes can be made very narrow, i.e. towards sub-micron dimensions.
Theoretical analysis

Linear theory
The design concept of the actuated elastomers with rigid electrodes has been presented in the preceding section. Here, we will evaluate the displacement characteristic and actuation limit of the design using a theoretical analysis. A simple model of elastomer-filled capacitor is used for the analysis with the following assumptions:
(1) The electrodes are rigid and infinitely deep (refer to dimension b of figure 1(C)). (2) Interconnects among the electrodes have negligible stiffness. (3) The elastomer is bonded perfectly to the rigid electrodes, with no slip at interfaces. (4) The elastomer is also infinitely deep. (5) The elastomer is incompressible in volume but able to undergo shape change [1] . (6) The elastomer is non-conducting. (7) The elastomer is subjected to a uniform electric field with a negligible fringe field. (8) The elastomer is passive and not electrostrictive.
The model of the elastomer-filled capacitor (figure 2) resembles the geometry of a rubber block bonded to rigid plates. Hence, the effective stiffness of the capacitor can be approximated from the formula of the bonded rubber undergoing a small displacement [6] . The bonded rubber exhibits higher compressive stiffness than a free rubber block because additional hydrostatic pressure is developed over the bonded and constrained surfaces. This can be represented by a higher effective Young's modulus. The effective modulus E c of the bonded block is related to the intrinsic modulus E and a shape factor or an aspect ratio, which is defined as the dimension of the bonded surface (i.e. the plate width w) over the dimension of the free surface (i.e. rubber height h) [6] :
The compressive stiffness of the bonded rubber block is thus
where A is the area of the electrode plate. If a voltage V is applied across the elastomer filling between the rigid electrode plates, an electrostatic force F e develops:
where ε is the permittivity of the dielectric elastomer. This electrostatic force will compress the elastomer.
The normal displacement h of the compressed rubber block is obtained by dividing the electrostatic force by the effective elastomer stiffness:
The strain e c induced in the rubber block is thus the displacement divided by the elastomer height:
Nonlinear theory
Air-gap parallel-plate capacitors are susceptible to pull-in instability, where movable electrodes collapse on stationary counterparts under a high electrostatic force. The electrostatic force exceeds the mechanical spring force, which maintains the equilibrium of the movable electrodes. Similarly, the elastomer films with soft electrodes also undergo an electromechanical instability at a very high electric field and locally contract rapidly in the thickness direction until breakdown occurs [5] . It is therefore interesting to investigate whether the pull-in instability occurs in an elastomer-filled capacitor with rigid electrodes. Here, we attempt to answer this question using nonlinear analysis. The linear stiffness of a bonded rubber was given in equation (2) based on the small-displacement assumption. When the rubber block is compressed further, the decreasing thickness of the block results in an increase in its shape factor. Integrating the incremental force as derived from equation (2), Lindley [7] arrived at the nonlinear spring force F m for the perfectly bonded rubber undergoing a large compressive displacement x:
When the nonlinear electrostatic force is in balance with the nonlinear mechanical spring force, the equilibrium displacement of the squeezed elastomers can be determined. For example, figure 3 shows that the upper plate of a 5 µm wide, 2 µm thick elastomer-filled capacitor slightly displaces under electrostatic attraction of 120-600 V. The nonlinear analysis estimates smaller displacements than the linear analysis does. It obtained an equilibrium displacement of 8.26 nm at 120 V, and 221.51 nm at 600 V. However, the linear analysis found the equilibrium displacement of 8.61 nm at 120 V and 292.81 nm at 600 V, which are 4.2% and 32.2% higher than the respective nonlinear estimations. However, this example shows that the induced strain is small at a moderate driving voltage. For example, the electrically induced strain at 120 V is only 0.4% and the error between nonlinear and linear estimations is just 4.2%. Therefore, it is found that the linear analysis is good enough for the small-displacement estimation.
If the deformed elastomer is compressed further to a thickness much smaller than that at the equilibrium state, the nonlinear mechanical spring force increases tremendously with the closing gap. The mechanical spring force is observed to be always larger than the electrostatic attraction force (figure 5). It tends to restore the over deformed elastomer back to its equilibrium state. However, linear analysis using a constant initial stiffness leads to the wrong finding that electrostatic force exceeds linearized mechanical spring force at a large compressive displacement off the equilibrium position.
Pull-in analysis.
The example in figure 3 illustrates that the elastomer-filled parallel-plate capacitor may undergo a large deformation without electrical pull-in instability. Here, we will formally investigate the stability issue using the idealized model of the capacitor and an analysis method similar to that for an air-gap parallel-plate electrostatic actuator [8] . It is assumed that the lower plate of the elastomer-filled capacitor is stationary and the upper plate is movable under the electrostatic attractive force. As the electrostatic force attracts the upper plate, a nonlinear mechanical force induced by the squeezed elastomer will resist the upper plate in the opposite direction to the electrostatic force until the two forces balance out. If the upper plate is perturbed from the equilibrium position, it is a question whether the upper plate returns to the equilibrium position.
As the gap between the parallel plates closes under an electrostatic force, the upper plate travels a compressive displacement x. The net compressive force F net on the upper plate is the sum of the electrostatic force F e and the nonlinear mechanical spring force F m (from equation (6)) as below:
The net force is zero at equilibrium position. If the upper plate is perturbed from the equilibrium position, the small change in the net force determines whether the upper plate will be restored back to the equilibrium position. The small change in the net force resulting from the small perturbation displacement can be written as
The first derivative of the net force is
Replacing the electrostatic force with the mechanical force at the equilibrium position, the first derivative of the net force becomes
The stability characteristic of the actuator depends on the sign of the first derivative. If the first derivative is positive, the perturbation force is in the same direction as the perturbation displacement; thus, it may lead to the collapse of the upper plate onto the bottom one. However, if the first derivative is negative, the perturbation force is opposite to the direction of the perturbation displacement, and it is capable of restoring the upper plate to the equilibrium position. The upper plate can move at most through the gap between the electrode plates before touching the bottom. In other words, the compressive displacement x is always smaller than the initial gap h. The remaining gap (h − x) is always positive. Therefore, the sign of the first derivative is solely dependent on the normalized terms in the brace of equation (10) . At the point where the derivative is zero, the bonded elastomer actuator is about to become unstable under the electrostatic attractive forces. The zero-crossing point is the point at which the electromechanical pull-in sets in. Therefore, it is the maximum displacement that the elastomer-filled capacitor can achieve. Figure 4 shows the function of the normalized term with respect to the equilibrium position. The normalized function crosses zero at different equilibrium positions, depending on the aspect ratio w/h. The wider the electrode is, the larger the zero-crossing position is. For example, an actuator with electrodes of low aspect ratio at 0.5 undergoes a pull-in at 46% of the initial gap; whereas an actuator with electrodes of moderate aspect ratio at 2.0 undergoes a pull-in at 92% of the initial gap.
A typical design of the elastomer-filled actuator has electrodes of aspect ratio greater than or equal to 2. At the aspect ratio of 2 and a gap of 2 µm, the pull-in is expected , and Dow Corning HS3 silicone rubber has a field strength of 72 V µm −1 [5] . It is concluded that the dielectric elastomers may fail first because of the electrical breakdown, rather than the electromechanical pull-in that occurs at a much higher electric field. It implies that the electromechanical pull-in instability is not a limiting factor to the actuation performance of the rigidly bonded elastomer capacitor. Instead, other factors may be limiting the maximum achievable strain of the elastomer capacitor, for example, the breakdown voltage and the bond strength over the electrode/elastomer interfaces.
Linear analysis for stacked designs
The linear and nonlinear analyses above show that the elastomer capacitor deforms slightly under the electrostatic forces at operating voltages. If the actuator is to operate under a moderate voltage of 120 V, linear analysis should be sufficient to approximate the displacement characteristics of the elastomer capacitor. The linear analysis can also be extended to stacked actuators, which assemble many units of the basic elastomer capacitor.
Normal stack.
Stacking many elastomer capacitors in series can accumulate the small displacement of each unit into a larger overall displacement. In this analysis, we use a stacked model comprising n identical capacitors, which have rigid electrode plates of thickness t and an elastomer film of thickness h. It is assumed that the plate thickness is comparable to the elastomer thickness, but the plate is rigid and undergoes negligible deformation under electrostatic force. The effective strain e for the serial-stacked actuator is obtained by dividing the sum of displacements over the total thickness of the stack:
where n is the number of rubber blocks and (n + 1) is the number of rigid plates The effective strain depends very much on the design parameters of an individual capacitor, in particularly, the gap and the width. The influences of these parameters are shown in equations (2) and (4). The electrostatic forces increase with decreasing gap or with increasing width. On the other hand, the effective stiffness of the bonded elastomers is related to the gap and the width in conflicting trends. It decreases with increasing gap or with decreasing width. Therefore, there may exist an optimum combination of the design parameters that maximizes the electrostatic force while minimizing the effective stiffness.
The series stacking can accumulate small strain into a larger total displacement. However, it does not help accumulate electrostatic forces. The forces generated in the elastomer are independent of the series stacking. They are solely determined by the electrostatic field, the electrode area and the dielectric constant regardless of Young's modulus of the dielectric elastomer. Instead, the forces can be accumulated through parallel stacking, which increases the total electrode area.
Lateral bimorph.
A lateral bimorph is formed by bonding two stacks of elastomer actuators side by side ( figure 5(A) ). The two stacks are structurally connected in parallel but electrically separated. The combined structure of the two-bonded stacks bends laterally when one of the two stacks is electrically charged while the other is kept passive. The combined structure behaves like a piezoelectric bimorph, and it can transform normal compressive strains into a lateral displacement. We will therefore refer to it as an 'elastomer bimorph'. The elastomer bimorph is relatively soft and weak to move against an external load. This distinguishes it from the relatively stiffer piezoelectric bimorph. As the elastomer bimorph operates on a similar actuation mechanism to a piezoelectric bimorph, its displacement characteristics can thus be estimated using a similar analysis method as for thermal bimetals [9] .
It is assumed that the bimorph consists of an active stack of cross-sectional width W 1 and an inactive stack of cross-sectional width W 2 . Each stack may consist of parallel electrodes of smaller widths, which influence the effective Young's modulus of elastomers according to equation (1) . Without loss of generality, we can assume that each stack consists of a series of capacitors with effective modulus computed from the actual electrode widths, which may be smaller than the full cross-sectional widths. The active and the passive stacks have respective effective flexural rigidities and cross-sectional areas, i.e. E 1 I 1 and A 1 , and E 2 I 2 and A 2 . When the bimorph bends under an induced strain in the active stack, forces and moments are developed and applied to both the active and the inactive stacks as F 1 , M 1 and F 2 , M 2 respectively ( figure 5(B) ). The induced strain e is as calculated from equation (11) for a stack of capacitors undergoing normal compression.
Since the deformation occurs under the induced strain, the cross section of the bimorph should have zero total force and zero total moment such that
Along the longitudinal interface between the two stacks, the interfacial strains calculated from both stacks are equal. The strains are the sum of axial strain, bending strain and induced strain:
Substituting equation (12) into equation (13) gives axial forces in terms of moments
or
The moments are related to the radius of curvature such that
Substituting equations (15) and (16) into equation (14), we have the curvature as
If the two stacks are of the same cross-sectional area A, the same cross-sectional width W, moment of inertia I and thickness, and the same modulus E under the small-strain assumption, equation (17) can be simplified as
Assuming that the bimorph has a rectangular cross section and has an electrode width W of several microns, i.e. much smaller than the length, the moment of inertia of that cross section is determined as I = bW 3 /12 and the cross-section area is A = bW. Substituting these geometrical parameters into equation (18), we have a simplified expression
A lateral displacement ν for a clamped-free bimorph of length L is thus obtained as
It is concluded that the lateral displacement at the tip of the elastomer bimorph is linearly proportional to the induced strain but inversely proportional to the sectional width. The lateral displacement at the tip is amplified such that it is 3L/8W times larger than the total compressive displacement of the active stack, i.e. eL. 
Validation by finite element analysis
The analytical calculation in the preceding section provides insight into displacement characteristics of an ideal elastomer capacitor or stacks of the capacitors. The analysis shows that constraining effects increase with wider electrodes and narrower elastomer filling. It also describes the basic relationships among electromechanical actuation strain, material properties and geometric parameters of the elastomer capacitors. However, the analysis neglects the effect of the electric fringe field. It does not fully account for the influence of boundary conditions on the incompressible elastomers. In addition, it may not be able to predict more sophisticated geometry with rigid electrodes of varying shapes inserted into the matrix of the soft elastomers.
The nonlinear analysis shows that the elastomer-filled parallel-plate actuator undergoes small strain at the operating range of driving voltage. The analysis also shows that it can be driven at a very high voltage to achieve a larger strain, but it may be prone to failure caused by electrical breakdown at high field. Since this type of actuator operates in the range of small strain, the actuator performance can well be simulated using a linear finite element analysis, which is capable of modelling more sophisticated geometry than analytical models do. In the finite element analysis, it is assumed that The simulation is done using a commercial finite element package, ANSYS [10] . The finite element model of the elastomer actuators consists of structural elements, electric elements and infinite electric elements.
The structural elements (PLANE82) are used to model displacement fields of electrodes and elastomers. The electric elements (PLANE121) are used to model electric potential fields in dielectric elastomers and surrounding air, whereas the infinite electric elements (INFIN110) are used to model an open boundary of a 2D unbounded electric field. These elements are 2D 8-node quadrilateral elements.
Sequentially coupled analyses are performed to simulate the static electromechanical behaviour of an elastomer capacitor and an elastomeric bimorph. The first analysis computes the electric potential field, together with Maxwell stress tensor [11] , over a domain outside the electrodes of fixed potential. The second analysis computes the displacement field of the whole domain including both stiff electrodes and soft dielectric elastomers under the loads of the computed Maxwell stress. The analyses can be iterated for more converged and accurate electromechanical results, but a single iteration suffices for small-strain response of the present examples, as suggested in the nonlinear analysis above. Two examples are modelled: an elastomer capacitor and an elastomer bimorph. They consist of silicon electrodes, a filling of PDMS (poly-dimethyl-siloxane, also termed silicone rubber) and surrounding of air. Physical properties of these materials are listed in table 1 [5, 12] . Their geometrical dimensions are listed in table 2. Figure 6 (A) shows the deformed finite element model of the elastomer capacitor. The bottom electrode of the capacitor model is fixed, while its top electrode is free to move under an electrostatic potential of 120 V. Figure 7(A) shows that the displacement of the top electrodes is decreasing with increasing width of electrodes, at a 2 µm gap. Both analytical and finite element models predict the same trend of displacement. The numerical prediction is slightly higher than the analytical prediction at electrode widths larger than 2 µm. However, the discrepancy worsens at widths smaller than the gap. This can be explained by the fact that the analytical model neglects the fringe field, which contributes to larger electrostatic forces at small electrode widths. Figure 6 (B) shows the deformed finite element model of the elastomer bimorph. The bimorph consists of two stacks of elastomer capacitors. Structurally, one end of the bimorph is fixed while the rest is free to move. Electrically, one of the two stacks is activated at 120 V whereas the other is kept passive. Figure 7(B) shows that the lateral tip displacement of the bimorph is decreasing with the increasing electrode width. In this example, the analytical results agree well with the finite element result over most of the electrode width range, except at electrode widths smaller than the 2 µm gap. For the electrode with less than 2 µm width, the analytical result becomes much larger than the finite element results. The discrepancy arises because the analytical model overestimates the obtainable lateral bending by assuming that both the active and the passive stacks share the same displacement at the interface and neglecting a possible slip across the physical interface between the two stacks. The inter-stack interface is connected through a strip of 2 µm wide elastomer filling. The soft interface filling may shear and rotate. Thus, the compression in the active stack may not be able to transmit to the passive stack as effectively as in the analytical assumption, resulting in the smaller lateral tip displacement as predicted by the finite element model when the interface deformation manifests at small electrode widths.
Comparison with air-gap electrostatic comb drive actuators
The proposed elastomer actuators are driven by the electrostatic forces, like air-gap electrostatic actuators. However, the elastomer actuators differ from the latter in the fact that their electrodes of opposite voltage polarity are all embedded structurally in the deformable elastomers. In other words, there are no stator electrodes. The electrostatic forces among these electrodes cancel each other out while squeezing the elastomers. This means that the actuation forces and the resulting strain are distributed over the stacked elastomers and electrodes. In contrast, movable electrodes for typical air-gap electrostatic actuators are supported by suspension flexures and they are structurally disconnected from the stator electrodes. The electrostatic forces are accumulated to deform the suspensions of lumped flexibility through the movable electrodes.
It is interesting to compare the actuation performances of both types of electrostatic actuators. The comparison also serves to gain additional insight into the potential of the new elastomer actuators. We choose to compare an actuated elastomer bimorph with a lateral comb drive (figure 8). Both actuators perform the same function of moving a shuttle laterally. They are designed to occupy roughly the same footprint, and to have the same electrode thickness, gap and width. However, their configuration differs. The elastomer bimorph consists of four elastomer stacks on each side of the moving shuttle. Capacitors in the stacks are made of PDMS and silicon electrodes. Thus, the elastomer stacks are inherently flexible in the lateral direction. On the other hand, the comb drive is equipped with a pair of bent flexural suspensions on each side of the shuttle. The flexures are made of stiff silicon. They have to be designed to be long and thin to achieve the required lateral flexibility. The geometrical dimensions of both actuators are listed in tables 3 and 4, respectively. Two-dimensional (2D) finite element analyses are performed for both actuators based on the assumptions described in the preceding section. Though the plane . Such a low vertical stiffness is disastrous for an air-gap lateral comb drive because it causes side instability [13] , where the movable combs risk moving vertically and touching the stator comb of opposite voltage polarity. However, it is not a problem for the elastomer bimorph whose electrodes are completely cushioned by dielectric elastomers and protected from the electromechanical instability. The low stiffness over the small footprint may be desired for some applications, which cannot be satisfied by the stiff and intricate silicon suspensions for the comb drive. However, if a higher stiffness is desired, the elastomer bimorph has some room for performance tuning by stiffening the elastomer with longer rigid electrodes or narrower gaps.
S41
Since the elastomer actuator is made of soft dielectrics of higher dielectric constants, it could produce higher electrostatic forces than the air-gap electrostatic actuators do when subjected to the same electric field. In addition, some soft dielectric elastomers may have higher dielectric strength than air. The actuator made of these elastomers may therefore operate at a higher driving voltage and is capable of storing a higher maximum electric energy given the same volume. The electric energy density depends on the actuator geometry, the dielectric strength and the dielectric constant [5, 14] . The present evaluation shows that the elastomer bimorph stores higher electric energy density in the range between 11.80 and 126.62 kJ m The two-dimensional analysis is done using a 2D simplified model without considering interconnect stiffness. It might give a higher displacement estimate than an actual elastomer actuator with interconnects. But the simplified evaluation defines an upper bound on the displacement characteristics which the elastomer actuator of high aspect ratio can achieve. The elastomer actuator is deemed robust despite its low stiffness. This is because it is better protected against dust blockage and better damped with elastomer filling. The air-gap electrostatic comb drive does not fare well in these respects. The discussion above has shown advantages and disadvantages of the elastomer actuators.
Fabrication
In this section, we further explore the feasibility of realizing the actuator design using micro-fabrication techniques. Fabrication of the elastomer actuators is slightly more complex than that of comb drive structures. The elastomer actuators with high aspect ratio electrodes cannot be realized using surface micro machining. Instead, they are realizable using a LIGA-like process or DRIE. Here, we propose to make the rigid, vertical, standing electrodes using doped silicon structures of high aspect ratio. The DRIE method is therefore adopted to micro-machine the silicon electrodes.
The proposed fabrication steps are shown in figure 9 and described as follows: (A) forming deep trenches using deep reactive ion etching; (B) doping trench walls with boron, making them conductive; (C) spin casting liquid elastomer resin of PDMS over the wafer, filling up the deep trenches, followed by removing excess cured elastomer, exposing the electrical contacts of the vertical electrodes; (D) forming aluminium interconnects among the vertical electrodes, which are still connected to the remaining silicon substrate and (E) releasing the vertical electrodes and elastomer filling by back etching using DRIE or KOH. Completing the proposed fabrication steps will result in an elastomer actuator with lateral-stacked electrodes.
Among the proposed fabrication steps, trench filling is most critical to the success of making the lateral elastomer stack of tall rigid electrodes. The trenches are desired to be narrow in width, ranging from several microns to sub-micron dimensions. They are also designed to be deep, ranging from several tens of microns to a hundred microns. The combination of a sub-micron trench width and a hundred-micron depth is especially promising and desired for large electrostatic force generation. But, the narrower and the deeper these trenches are, the more difficult it is to fill them up with liquid elastomer resin of considerable viscosity. In the literature, PDMS is usually used to fill shallow or wide trenches. Some high aspect ratio PDMS filling into 20 µm wide trenches was reported for pattern transfer [15] . But, for the present applications in elastomer actuators, we are interested in filling very narrow trenches, with trench widths down to sub-micron sizes.
As an initial attempt, we tried filling trenches with widths ranging from half a micron to 2 µm, and about 10 µm deep. The filling process consists of the following steps: (1) flooding the wafer with liquid PDMS pre-polymer (10:1:1 of PDMS/crosslinker/xylene); (2) removing trapped air in the pre-polymer liquid and purging the trapped air in the trenches using low vacuum; (3) spinning off the excess of liquid prepolymer using a spin coater; (4) curing the pre-polymer into solid form at 90
• C for 1 h. The vacuum-assisted process managed to fill up trenches of very high aspect ratio without any trapped air. To illustrate this, figure 10 shows that trenches of half a micron width and 12 µm depth, at aspect ratio of 25, are completely filled up with PDMS. The result of the filling process is very encouraging.
Conclusions
We have evaluated the feasibility of electrically actuating elastomers with rigid electrodes for producing micro-motion. The evaluation by analytical and numerical methods shows that the elastomers bonded to the rigid electrodes are stiffened and deform less under an electrostatic force than free elastomers. However, lateral stacking of electrodes, which is introduced in the new design, accumulates small strain into adequate micromotion. It is also shown that the pull-in instability is not a limiting factor to the actuation range of the bonded elastomer actuators. Fabrication feasibility of the stacked actuators is also studied. Initial tests, with trench filling, show that very narrow and deep vertical trenches can be filled completely with elastomers. This promises that the elastomer actuators with rigid electrodes can produce large electrical force and thus substantial strain under moderate voltages.
The proposed new actuation concept promises a variety of designs and a wide range of performances. In particular, the vertically standing electrodes can be designed in various layouts and various ways of stacking, in order to produce either in-plane or out-of-plane motion. The design of the short and discrete electrodes is not only useful for actuating soft electro-passive elastomers, but is also effective in reducing the constraining effect on electrostrictive polymers of higher stiffness. Further work is in progress to realize the new designs of the squeezed elastomer actuator.
